12 United States Patent

US009400863B2

(10) Patent No.: US 9.400.868 B2

Vitaletti 45) Date of Patent: *Jul. 26, 2016
(54) METHOD COMPUTER PROGRAM AND USPC ... 702/19, 20, 23, 27, 56, 187, 188;
SYSTEM TO ANALYZE MASS SPECTRA 324/307, 309; 356/456; 506/9
See application file for complete search history.
(71) Applicant: International Business Machines
Corporation, Armonk, NY (US) (56) References Cited
(72) Inventor: Marcello Vitaletti, Rome (IT) U.S. PATENT DOCUMENTS
(73) Assignee: International Business Machines 5,072,115 A~ 12/1991  Zhou
Corporation, Armonk, NY (US) 5,440,388 A * 8/1995 Erickson .........cccoeeevinnnn, 356/456
(Continued)
(*) Notice: Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35 FOREIGN PATENT DOCUMENTS
U.5.C. 154(b) by 99 days. JP 562124456 A 6/1987
This patent is subject to a terminal dis- JP 2004317509 A 11/2004
claimer. (Continued)
(21) Appl. No.: 14/054,893 OLIHER PUBLICATIONS
(22) Filed: Oct. 16, 2013 Brigitte Chiarnizia, PCT Notiﬁca‘[i‘on of T%‘aysmittal of the Int.erna-
tional Search Report and the Written Opinion of the International
(65) Prior Publication Data Searching Authority, or the Declaration, International Application
No. PCT/EP2011/057835, Date of Mailing Jan. 26, 2012, 12 pages.
US 2014/0052335 Al Feb. 20, 2014 K. Magnus Aberg et al., The correspondence problem for
metabonomics datasets, Analytical and Bioanalytical Chemistry,
Related U.S. Application Data Springer, Berlin, DE, vol. 394, No. 1, Feb. 7, 2009, pp. 151-162.
(63) Continuation of application No. 13/698,376, filed as (Continued)
application No. PCIT/EP2011/057835 on May 16,
2011. Primary Examiner — Gregory J Toatley
_ o o Assistant Examiner — Felix Suarez
(30) Foreign Application Priority Data (74) Attorney, Agent, or Firm — Jay Wahlquist; Daniel R.
Simek
Jun. 10,2010 (EP) ooooooooeoveeeecceeeeeere 10165533
57 ABSTRACT
(51) Int.CL (57)
GOIN 1/02 (2006.01) A method, computer program and system to 1dentily peaks
GOIN 1/00 (2006.01) generated by different physical 10ns 1 a solution including
(Continued) substances by analyzing mass and intensity coordinates of all
peaks 1n a set of mass spectra measured with errors for a
(52) US. CL certain concentration ¢ of the solution 1s here disclosed. The
CPC . GO6F 19/00 (2013.01); GO6F 19/703  peaks in different mass spectra are associated to a same ion if
(2013.01); GO6K 9/00496 (2013.01); HO1J they are sufficiently ‘close’ according to specific discrimina-
49/0036 (2013.01) tion criteria that go beyond the proximity of mass values.
(58) Field of Classification Search
CPC e G0O6K 11/00 15 Claims, 6 Drawing Sheets
i ----hi [<ead first spactnim for an!e cancentration E
ﬁapllyth:;}_in:ln ideniificaltc;f_ rrilhqd 0 Mass Spacha - .\‘“'=~--_-E;5"' j
hhhhhhhhhhhhhhhhhhh J[ b
S I .Y

Stage 2: identy the ions and their paak which nave s inear
; funcfichal denendency from the substance concsntration

i3

Apoly the ion identification method to sach {able. ore
per concengation from siage * and seiect the ions

andd the peaks zil coralaten




US 9,400,868 B2
Page 2

(51) Int.CL

GOIN 1/22
GOIN 1/28
GO6F 19/00
GO6K 9/00
HO01J 49/00

(56)

7,301,889

8,188,011
2002/0138210
2002/0145425
2003/0036207
2004/0195500
2005/0063864
2005/0065732
2005/0255606
2013/0073219

(2006.01
(2006.01
(2011.01
(2006.01
(2006.01

S L R

References Cited

U.S. PATENT DOCUMENTS

B2

AARAAR AR

S
1 =
1 3

1 =

4/2008
5/2012
9/2002
10/2002
2/2003
10/2004
3/2005
3/2005
11/2005
3/2013

Yamaguchi

Griffey etal. ..................... 506/9
Wilkesetal. ................... 702/28
Ebbelsetal. ................. 324/309
Washburn et al.

Sachs et al.

Sano et al.

Tiltonetal. .......ovvvnneen. 702/19
Ahmed et al.

Vitaletti

FOREIGN PATENT DOCUMENTS

JP
WO

2007525645 A
2009/103050 Al

9/2007
8/2009

OTHER PUBLICATIONS

Katharina Podwojski et al., Retention time alignment algorithms for

[L.C/MS data must consider non-linear shifts, Bioinformatics, vol. 25,
No. 6, Jan. 28, 2009, pp. 758-764.

Tianwel Yu et al., apLCMS-adaptive processing of high-resolution
LC/MS data, Biloinformatics, vol. 25, No. 15, May 4, 2009, pp.
1930-1936.

Francesca Forner et al., Mass Spectrometry Data Analysis in the

Proteomics Era, Current Bioinformatics, vol. 2, No. 1, Jan. 1, 2007,
pp. 63-93.

Clemens Gropl et al., Algorithms for the Automated Absolute Quan-
tification of Diagnostic Markers in Complex Proteomics Samples,
Computational Life Sciences Lecture Notes in Computer Science,
Lecture Notes in Bioinformatics, Springer, Berlin, DE, Jan. 1, 2005,
pp. 151-162.

Ole Schulz-Trieglatf, Computational Methods for Quantitative
Peptide Mass Spectrometry, Berlin, Oct. 1, 2008, 42 pages.
European Patent Application No. 11719824.2-1901, Office Action
Communication, FR920100003, Apr. 25, 2014, 4 pages.

Chinese Application No. 201180025378.1, Office Action Communi-
cation, Oct. 27, 2014, 6 pages.

* cited by examiner



U.S. Patent

100

ol T T R R 'A’H‘.

Jul. 26, 2016

[ ]
L]
[ ]
¥ [ - 1 1 1 r e
B - ' - 1
X . . . . r '
1] " ' L] 1
. B B B r '
] "y ' . . LA AR LN LNl
» . .
X . . .
] . ' - 1
§ - - - - r '
1] . ' ] 1
y . 1 1 1 r '
B - ' - 1 -
X . . . . r ']
B . ' - 1
§ - - - - r '
] . ' ] 1
y . 1 1 1 r '
» - ' -
X . . . . ¥
] . ' -
§ - - - - =
1] . ' ] 1
y . 1 1 1 r '
B - ' - 1
X . . . . r '
B . ' - 1 T
§ - - - - r ot
] . ' ] 1
y . 1 1 1 r '
» - ' - 1
¥ L . L] _.-.-.-.-.-.-.-.-.l--.-.-.-.-.-.-.-.-.-.-.-l--.-.-.-.-.-.-.-.-.-.-.-ll-.-.-.-.-.-.-.-.-.-.-.-i-
L] - b
1] . ' =
L] . L] "= = = = mw = = ®w F = = 5 ® ®w @ s+ s w F s s s s s dEE NN NN EENF
B - ' - 1
X . . . . r '
B . ' - 1
§ - - - - r '
] . ' ] 1 L
y . 1 1 1 r '
» - ' - 1
X . . . . r '
] . ' - 1
§ - - - - r = = = = = m = = my
1] . ' ] 1
y . 1 1 1 r
B - ' - 1 H
X . N N N ' XA INNAT,
B . ' - 1
§ - - - - r '
] . ' ] 1
y . 1 1 1 r '
» - ' - 1 -
X . . . . r '
] . ' - 1
§ - - - - r '
1] . ' ] 1
y . 1 1 1
B - ' -
X . . . .
B . ' -
§ - - - -
] . ' ]
y . 1 1 1
» - ' -
X . . . .
] . ' -
§ - - - -
1] . ' ]
y . 1 1 1
B - ' -
X . . . .
B . ' -
§ - - - -
] . ' ]
y . 1 1 1
» - ' -
X . . . .
] . ' -
§ - - - -
1] . ' ]
y . 1 1 1
B - ' -
X . . . .
B . ' -
§ - - - -
] . ' ]
y . 1 1 1
» - ' -
X . . . . r '
] . ' - 1
§ - - - - r '
1] . ' ] 1
y . 1 1 1 r e
B - ' - 1
X . . . . r '
B . ' - 1
§ - - - - r '
] . ' ] 1 LT T T T T T
y . 1 1 1 r
» - ' - 1
X . . . . r
¥ . . - 1 [ e i bl bl S B0 %
§ - - - - r '
1] . ' ] 1
y - - - - r '
B - ' - 1 .
X . . . . r e
B . ' - 1
§ - - - - r '
] . ' ] 1
L] . 1 1 = § = = = = = = = = = = o= = o= o= o= o= o= o= o= o= o= o=
» . .
. '
: L v b b JrI-.'Jrl-lrl-Jrl-Jrl-Jrl-Jr#IJrl-Jrl-Jr#Jr#Jrl-lr#
y . 1 1 1 r '
B - ' - 1
X . . . . r '
B . ' - 1 -
§ - - - - r '
] . ' ] 1
y . 1 1 1 r '
» - ' - 1
X . . . . r '
] . ' -
§ - - - -
L ¥ ' - - .," Clal ol Jal ol el il Sl el el el el
. ) - 1
" X . . . . r '
B . ' - 1
§ - - - - r '
] . ' ] 1 -
y . 1 1 1 r
* N e s e s e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
: [ ] E ] l*l*l*l*l l*l*l*l*l*l*l l*l*l*l*l*l*l*l*l*l*l*l l*l*l*l*l l*l*l*l*l l*l:l*l*l*l*l*l*l*l*l*l*l*ﬁ N
. e e e R e
y 1 1 1 r '
B - ' - 1
X . . . . r '
B . ' - 1
§ - - - - r '
] . ' ] 1
y . 1 1 1 r '
» - ' - 1 [
X . . . . r '
] . ' - 1
§ - - - - r '
1] . ' ] 1
L] . hl hl hl r e P N
B - ' - 1
B . ' - 1
§ - - - - r R I R
] . ' ] 1
y . 1 1 1 r '
» - ' - 1
X . . . . r '
] . ' - 1 =t -
§ - - - - r '
1] . ' ] 1
y . 1 1 1 r '
B - ' - 1
X . . . .
B . ' - 1
§ - - - -
] "y ' . . W -JrJrJrJrri-JrJrJrJrJrJrJrJrJrJrJrl-
» - ' -
X . . . . r
] . ' -
§ - - - - r
1] . ' ]
y . 1 1 1 r
B - ' -
X . . . . r
B . ' -
§ - - - - r
] . ' ]
y . 1 1 1 r
» - ' -
X . . . . r
] . ' -
§ - - - - r
1] . ' ]
y . 1 1 1 r
B - ' -
X . . . . r
B . ' -
§ - - - - r
] . ' ]
y . 1 1 1
» - ' -
X . . . .
] . ' -
§ - - - -
1] . ' ]
y . 1 1 1
B - ' -
X . . . .
B . ' -
§ - - - -
] . ' ]
y . 1 1 1
» - ' -
X . . . .
[ ] . . b r
§ - - -
» . '
y . 1 1
[ . .
X . . .
L] . .
[ ] . L] L]
[ ] ' '
L] . L] L]
L] - .
X . . .
[ ] . .
§ - - -
» . '
y . 1 1
[ . .
X . . .
L] . .
[ ] . L] L]
[ ] ' '
L] . L] L]
L] - .
X . . .
[ ] . .
§ - - -
» . '
y . 1 1
L X .. . . al B T Tl
. ) - 1
¥ § - - - - r '
] . ' ] 1
y . 1 1 1 r '
» - ' - 1 -
X . . . . r '
] . ' - 1
§ - - - - r '
1] . ' ] 1
y . 1 1 1
B - ' -
X . . . .
B . ' -
§ - - - a e e T T T T T T P e e T T e T T
] . ' ] 1
y . 1 1 1 r '
» - ' - 1
X . . . . r '
] . ' - 1 -
§ - - - - r '
1] . ' ] 1
y . 1 1 1 r '
B - ' - 1
¥ L . L] L] o w w e w v v o w v w v v w W v - w w w w w w w v w
i - - b
¥ . '
y 1 1 1 r '
» - ' - 1
X . . . . r '
] . ' - 1
» |:b'b'b'b'b'b'b'b'b'b'b'b'b'b'b'b'b'b'b'b'b'b'b'b‘b'b'b'b'b'b'b'b'b'b'b'b‘b'b'b'b'b'b'b'b'b'b'b'b‘b'b'b'b'b'b'b'b'b'b'b'brj-'b'b'b'b'b'b'b'b'b'b'blb'1
. B B r ' '
» . . - ' .
L]
* E ) L L] TR .l
* !!'.'l:" ‘et 't- " :r 'y ;_:'1 lll,:m:f
x - - -
: ' . r::t..rl: L 2
. . [ [ ] = L]
» =, k T o L
¥ " rlll 1III‘J L N
. ] l-.li oy h oy .l!
+* L] L]
. :"“'.- I |: T -'""}
M . '.-.q. i
H EIE]
. . L) L
" -i:' ""--4 "'"-4"
. . .
. | % »E_x "
. LI LI 1
; - o L .
[ ]
L]
[ ]
K]

Sheet 1 of 6

US 9,400,368 B2

110

)

; ‘ . L AEIESE S M A SE S I IE ML

' r
I. L
v 1
I. L)

. ]

v

. s

p

B -

f '
h 1
I. T
f B

PN N N

E NN N M N NN NN N M)
R M N M R MM MR MR

L L A

-

E
o
H-H-H-H-H-H-d-

FIGURE 1




US 9,400,868 B2

Sheet 2 of 6

Jul. 26, 2016

U.S. Patent

¢ JANOL

suibus
LOREOLBUB DI
LIOK

ss8a004d

bt 80215 OM |

ned
i9ndwoD

- 5

vdi03ds

ol

_n_m o

19180 0adg SSEeN

!

;

00



US 9,400,368 B2

Sheet 3 of 6

Jul. 26, 2016

U.S. Patent

& =191
d0Is
7— PUNGY Udag oAy AUR § SUOI DBIJIUSDI SUL UQ 3¥oaud Aoud)sisuos Ajdoy
1 - AR : a\; 11111111111111111111111111111111111111111111111111111111111111111111
ZPESI syead Iy " mm—s
O9C
e
i i \
(¢l L1 eiEl
LOBESHIUSD UGH UE Ul 80USnbas JoUuIMm DA 8l 10 sygad o) 10 8dBI] B U66M
4
7.. aousNDas PRJO3S 1S8UDIY U] daay
age’
SEpy : -
3\' 31008 183UBIY PUCDSS F 81028 133UDIY 1S4y = OlEy 8induoN
S
— 21008 Ag ssousnbas 1o
Ove _
— LUNJ106ds 18d 2uUo Sxeed aso| Jo apewl adusnbos yoes o1 & BLLINDS sindiuon
!/ SSAT
A.‘.J\“h.rmwm.h eiinads O .
0EC

o e ) il i e nlf

WNoBas Mau peay

cee
D XBUJ < 10U D 90UBISID UDIUM SHESC 100193
0Z¢
Mesd peot SiUl W Winiiosds suo siyl Ul syead e 01 p aauesip 2 sindwion
GLe7
bt
a0 wn3oods auo Jo sead & peoy

g L

B4133ds Sseil IB $3300Y W

-
L
oy



US 9,400,368 B2

Sheet 4 of 6

Jul. 26, 2016

U.S. Patent

P JHNOL

1
[ E Y R FI T E L L LEE T RN

PAICIBAUOD || syead oy pue

SUOI 5L} 109198 pue | Sbeis ulo4} UoRBAUSIU0D 18d

~ BUO "sige]} yoB? 0} PoYRlL UCKRIWIUSP! Uoi o Ajddy

N .
G}y :

PR N TRy A R e Y |

LORBAIUS3UQD 82URISGNS 2yl Wiol Asuspusads) jruciouny

188U B aABY UoIyM Mead Jiey) pue Suol ay Ajpuaps 1z abelg
........................................................................... ~1 1
31 UORBAUSoUOD ST

UONBJIUSOUOD IX8U J0) WiNiNads 181y pesy

S3URISANS 84} JO UCHEJUSUOD

SUIES B UM UOIINOS € O $9IAUIBS W0} PaUiRigo

eljoads sseul 0} poylell uoedilusp! uot syl Ajlddy

w sor on |
_ ol edoadsg | T
UOIIRAILBOUOD SUO JO) Lingoeds 1S4l pray v
UCHEIUDOUCT LB Jo)
_“&KW WNJoRds SSBl 4oes uj Mead Jisy} pue suol syl Auept 1| obelg

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

=)

VH104dS

-




US 9,400,368 B2

Sheet Sof 6

Jul. 26, 2016

U.S. Patent

b d A dr dr b e de b de A dr dr dr 0 e e
Pttt il 1 Pttt
F I D I N N N B N I I e - & b M b M M b M M b S b M o e

G JHNDI

b b & & bk kA E Ak
. L
.r.r.r.r.r.r.r.r.r.r

Ll - A E o
a2k s

- Ry >
LI E E I

B - W x
a2 & & & » 2 a N

. E O L]
E I I T R R R I R R )
. dr o b dr b b b kN

LI
. dr b A b o M o N

b b b b b bk bk b Aok
. dr o dr o dr e b o dr b N N

E L
F I I IO R R R R R R
dr o dr Br o Jr o br Jr b 0 o 0r O

r
- F

b A b W b M dr b S W W S 0 S N
E IO T T DO R RO T R R I I B RO TR R N )
E I I RO B I I b & & b b ok ok

& & & & & & & & & LI Y Y

I N T R I R R A & b &

. dr o dr dr o Jr o dr Jr b o dr o br e 0 e dr 0 0 o 0r O
b & kb koA E I B B )

. b b b oS b b b e b b A b A N
b & & b b koA b b & &

dr b Jr Jr b dr b b M M b M M b i N

mmmw ——— w— ==

b dr ol i
. b & & & & & b & & & & b s &S S oA
dr b b b oS S b oS M b S W N

r 4

~ SNOI Q3IH1INFAI 1NdLNO

e

- Fl

v L2 ddS LNdNI

0%



US 9,400,368 B2

Sheet 6 of 6

Jul. 26, 2016

U.S. Patent

I b A S S b o b 0

&

&

L

L & & & 4 &
ir b Jdr br W o Jr

&

LI
&
b

&

&

LI I I ) . e & & 4 & A & & b &
dr b b o0 dr o dr o dr o Jr b o dr e W o o0

&

&

8 JdMOid

& &
LI L] E I

. 4 b b s b kA oA . . LI
b A & & Jr . . L
. L & & . . & & &
E o dr . . E N
. LI & L ) . . A & b &
& Jr ar ar o Jr . . o b i
. LI E . . b b k&
) o o & Jr . . oA A
b & & & & b b & & Ak . . A & & b &
LI ] . . I I B O O I O Y

L]
.
-
-
-
.-..
-.-.-
e
' %
—
“
_
.._r-.
-
-
r.l
"
-
I
et N
-
|.||...|
lll
Ii‘l.I
R TR l.-..l1
F B R BN R RN RN R )
IO I N I N )
. b b & & b & & &
F F o o . . .
Y . .
o r i
& F ] . .
o A . . b
F & . .
" " & o .T.T.r.T . . .
O I I I I U U T e N ¥R N I TR R U T U U Y s b b b b b o b . b b o ko .
4 & & & & & & & & & 4 & & & & & & & & & b & & & & & & & & & & & & & & & & & & & BN & & & & & & & & & & & B

dr o dr b b S b o b o N dr o dr A b o M o S N e b O b b S W o S N [l b b b b M b b M o N r A b o M b o M o N

/

7 VIVA LNdNi

dr o dr o dr b o Jr o dr b 0 b i N

b b &k h &

Jr b dr b b Jr bk i ir ki

A3EFUNIAl LN4d1INO

@rw\

E N DO A B B RO )
b b b o S

dr o dr o dr b o Jr o dr b 0 b i N
Jr b dr b b Jr bk i i ki

dr o dr Br o Jr o br Jr b 0 o 0r O
Jr dr o Jr br drririrlh

dr o dr B o Jr o br o dr b 0 o dr b o Jr
Jr dr o Jr br dr ririr i



US 9,400,368 B2

1

METHOD COMPUTER PROGRAM AND
SYSTEM TO ANALYZE MASS SPECTRA

REFERENCE TO PRIOR APPLICATTONS

The current application 1s a continuation application of

U.S. Utility application Ser. No. 13/698,376, which was filed
on 16 Nov. 2012, which 1s hereby incorporated by reference,
and which claimed the benefit of European Patent Applica-

tion No. EP10165533.0, which was filed on 10 Jun. 2010.

FIELD OF INVENTION

This invention generally relates to mass spectra analysis;
more particularly the invention provides a method for analyz-
ing mass spectra of chemical solutions.

BACKGROUND ART

The mass spectrometry principle consists 1n 10nizing
chemical elements to generate charged molecules or mol-
ecule fragments for which the mass-to-charge ratio will be
measured. Mass spectra of 1ons, for example 1n a solution,
provide a distribution of the 1ons by mass-to-charge ratio. The
x-ax1s ol a mass spectrum graph gives the mass-to-charge
rat10 1dentifying one 10on and the y-axis gives the signal inten-
sity provided by these 1ons. A mass spectrum graph for one
ion gives the (mass-to-charge, intensity) information for the
ion read at the peak. For a chemical solution containing dii-
ferent 10ons, each peak of the mass spectrum graph may indi-
cate the presence of a corresponding 1on 1n the solution.

However 1t 1s not always easy to 1dentily 10ns 1n a mass
spectrum ol a chemical solution when the mass spectrum
graph contains a dense sequence of peaks and when—{for
cach peak—both the mass and the intensity measured by the
instrument are subject to errors. For instance, we may need to
predict concentration of a soluble substance 1n a solution by
building regression models, the concentration of some 1ons in
the solution being an unknown vyet definite function of the
substance concentration. In the linear case the 1ons concen-
trations are related to the substance concentration by coetli-
cients which are different for different 1ons. In order to build
the regression models we must first be able to identity the
peak intensity corresponding to a same 10n 1n different mass
spectra for different concentrations of a substance 1n a solu-
tion. When the substance corresponds to inorganic molecules
the 10ns are easily 1dentified in the mass spectra. However, in
the case where an organic molecule 1s diluted 1n water the
mass spectrum of the resulting solution may include hundreds
ol 1ons, due to the dissociation of the large molecule 1n water.

One prior art solution to identily in different mass spectra
corresponding to different concentration of a substance 1n a
solution, the mformation corresponding to a same 10n, 1s to
use a well known data binning technique. The data binning
technique allows to reduce the effect of minor measurement
errors: 1n the mass spectrum the mass range should be covered
by non-overlapping intervals (bins) of uniform size (usually
ol one mass unit) and the intensity of each peak 1s accumus-
lated 1nto the corresponding bin. However, let m_, be the error
associated to the 1on mass measurement across all solutions to
be analyzed for building the regression model, two effects
related to the error m_, may undermine the binning approach,
namely:

With a bin size comparable to (or smaller than) m_ 1t 1s
likely that the peak of a given 1on 1n different spectra would be
accumulated 1n different bins:
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With a bin size larger than m, 1t generally happens that the
peaks of two or more 1ons with similar masses are accumu-

lated 1n the same bin. However those 1ons may have a totally
different linear dependency on the substance concentration
and, because of the previous effect, the same bin may accu-
mulate the contributions from different 10ns across different
spectra.

There 1s thus a need to have a method for 1dentification of
1n mass spectra graph peaks corresponding to the same physi-
cal 1on across solutions prepared with different known con-
centrations of a substance.

SUMMARY OF THE INVENTION

It1s an object of the present invention to define a method for
identifving peaks corresponding to the same 1on 1n different
mass spectra 1n a reliable way.

The object 1s reached with a method performed on a com-
puter to identily peaks generated by different physical 1ons in
a solution including a certain concentration of at least one
substance by analyzing mass and intensity coordinates of all
peaks, measured with errors, coming from a set of mass
spectra data files, the method comprising,

reading coordinates of a peak from a first mass spectrum
data file 1n the set of mass spectra data files;

selecting from each the mass spectrum data file other than
the first mass spectrum data file, peak coordinates which are
close to the read peak coordinates from the first mass spec-
trum, by computing a distance function qualifying a proxim-
ity between two peaks;

determining the highest scored sequence of peaks compris-
ing the read peak from the first mass spectrum and one
selected peak from each other mass spectrum by computing a
score Tunction qualitying the likelihood that all peaks 1n the
sequence have been generated by the same type of physical
101;

storing the highest scored sequence only 11 the ratio highest
scored/second highest scored sequence 1s above a limit ratio;

reading coordinates of one other peak from the first mass
spectrum data file and executing the preceding selecting,
determining and storing steps until all the peaks from the
mass spectrum are read, each of the resulting sequences con-
taining peaks, one for each mass spectrum, 1dentified as being
generated by a same physical 1on.

The object 1s also reached with a method further compris-
ng:

suppressing among the stored sequences any subset of
sequences which are found to include a same peak of a same
mass spectrum.

The object 1s also reached with a method further compris-
ing wherein the distance function between two peaks and the
scoring function depend on the mass and intensity of the two
peaks.

The object 1s also reached with a method further compris-
ing wherein the distance function between two peaks depends
on the mass of the peaks and the scoring function depends on
a combination of the mass of the peaks and the peak concen-
tration-intensity correlation.

The object 1s also reached with a method further compris-
ing wherein the identifying the resulting peak sequences cor-
responding to 10ns 1s executed on a first set of mass spectra for
a grven ¢ concentration using a first distance and a first scoring
function which both depend on the mass and 1ntensity of the
peaks; the method further comprising:

repeating the preceding steps on further sets ol mass spec-
tra, the first and further sets of mass spectra corresponding to
different concentrations;
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computing average mass-intensity peak coordinates for
cach sequence resulting from execution of the preceding steps
for each solution concentration and obtaining a series of
virtual peaks per each concentration;

applying the steps of the method to the set of virtual mass
spectra, each virtual mass spectrum corresponding to one
concentration, each virtual mass spectrum comprising the
computed series ol virtual peaks, using a second distance
function between two peaks which depends on a combination
of the mass of the peaks and the peak concentration-intensity
correlation, the resulting sequences being the peaks corre-
sponding to an 1on 1n the different ‘virtual mass spectra’, each
“virtual mass spectrum’ corresponding to one solution con-
centration.

The object 1s also reached with a method further compris-
ing wherein the first distance d function between two mass
spectra peaks P, with coordinates x, and y, and p, with coor-
dinates X, and vy, 1s:

(P12 (%1=%5) "+ (1 1->) /R

R being the ratio between the relative errors associated to the
y coordinate and x coordinate.

The object 1s also reached with a method further compris-
ing wherein the first scoring of a sequence 1s:

l/maxd(pl,p2)

where pl, p2 are any two peaks in the sequence and d (pl, p2)
1s the distance between them.

The object 1s also reached with a method further compris-
ing wherein the second distance d function between two mass
spectra peaks P, and p, with coordinates x; and y, and p, with
coordinates X, and vy, 1s:

d(p,,p-)=absolute value(x;—x-).

The object 1s also reached with a method further compris-
ing wherein the second scoring of a sequence 1s:

correlation_coeflicient(cl,yv1,c2,v2, ... cN,vN)/maxd
(p1,p2)

where pl, p2 are any two peaks 1n the sequence and d (pl, p2)
1s the distance between them.

The object 1s also reached with a system comprising means
adapted to carry out the steps of the method.

The object 1s also reached with a computer program com-
prising instructions for carrying out the steps of the method
when the computer program 1s executed on a computer.

Some advantages are obtained by applying the first stage of
the proposed two-stage filtering process to data obtained from
a mass spectrometer.

One advantage 1s that the method provides an indication of
the amount of errors associated with a measurement of the
mass value and of the error associated to the measurement of
the intensity value for all those peaks which are retained in the
filtered spectra.

Another advantage 1s that a large amount of discarded
peaks would provide an early indication of quality problems
in the measurement namely of problems associated to a non
perfect standardization of the measurement conditions (for
example because of samples being measured at different tem-
peratures or far from a steady state of equilibrium) or because
of the uncontrolled presence of contaminants 1n some of the
samples.

A further advantage 1s that peaks generated by 1ons with
very similar or identical mass but different structure would be
climinated from the filtered spectra, thus simplifying the
work of building a model relating the composition of a given
solution to a measured spectrum.
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According to a second aspect of the present invention, there
are advantages obtainable by applying the second stage of the
proposed two-stage filtering process to data which have
passed the first stage.

One advantage 1s that peaks generated by 1ons whose con-
centration in the solution 1s far from a linear function of the
concentration of the substance of which samples are mea-
sured at different concentrations are eliminated from the fil-
tered spectra. This simplifies the work of building a linear
model relating the composition of a given solution to a mea-
sured spectrum.

Another advantage 1s that a large amount of discarded
peaks would provide an early indication of quality problems
in the data (for example because of samples being measured
at different temperatures or far from a steady state of equilib-
rium) or they could 1indicate a complex (non-linear) relation-
ship between the concentration of an “1dentified 10n” and the
concentration of the substance of which samples are mea-
sured at different concentrations. In the first case, better data
could be obtained by a more controlled process and the risks
of exploiting maccurate data 1s avoided. In the second case, 1t
may be necessary to construct a non-linear model of the data
and the risks of false assumptions 1n the exploitation of the
data can be avoided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows details of a first mass spectrum measured on
one sample of a chemical solution and a visualization of five
mass spectra (A, B, C, D, E) obtained on different samples
from the same solution.

FIG. 2 illustrates the environment wherein the method of
an embodiment 1s implemented.

FIG. 3 1s the flowchart of the 1on identification method
which can be used with different identification critenia
according to an embodiment.

FIG. 4 1s the general flowchart of the method to 1identify the
same 1on 1n mass spectra corresponding to different known
concentrations of a substance applying the method of FIG. 3
according to an embodiment.

FIG. 5 shows the data structure of inputs to stage 1 of the
general flowchart of FIG. 4 and the data structure of stage 1
output according to an embodiment.

FIG. 6 shows the data structure of inputs to stage 2 of the
general flowchart of FIG. 4 and the data structure of stage 2
output according to an embodiment.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 shows details of a first mass spectrum measured on
one sample of a chemical solution and a visualization of five
mass spectra (A, B, C, D, E) obtained on different samples
from the same solution. The first chart (100) 1s partial view of
a mass spectrum of 10ns 1n a water solution containing 5 parts
per million of a chemical substance around a peak of mass
257.1 and 1ntensity above 500000 1n the unmits used for the
mass spectrometer output. The entire spectrum contains
about 1500 peaks. The second mass spectrum (110) 1is
obtained by repeating the measurement on the same sample
with the same 1nstrument, the values associated to the same
peak oscillate by 0.1% 1n the mass value and about 10% 1n the
intensity value. In the second 3D diagram (110) the mass
errors were artificially forced to be constantly zero. In this
case peaks (115) can be easily identified as representing the
same 1on. The problem 1s how to identily the peaks in differ-
ent samples corresponding to a same 1on 1f both the mass (x
value) and the intensity (Y value) are subject to measurement
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errors. When the error affecting the mass measurements of
two 10ns exceeds the difference between their “true’” masses,
it 1s impossible to identily that two peaks in different spectra
belong to the same 10on. Even 1f the error 1s relatively small,
implementing a robust “i1dentification” process 1n a computer
program requires specific discrimination criteria going
beyond the proximity of mass values.

FI1G. 2 illustrates the environment wherein the method of
an embodiment 1s implemented. FIG. 2 shows the context of
the invention. Solutions with varying known concentrations
of a given chemical substance are analyzed by a mass spec-
trometer (200) producing data files (spectra 210). A spectrum
contains a sequence of peaks, a peak being described by 1ts
mass-to-charge ratio and signal intensity values (the peak
coordinates 1n a graphic representation) measured by the
spectrometer.

It 1s noted also that 1f the method 1s applied to a solution
containing only one substance, this method will help to deter-
mine the peak values of the solution at different concentration
of the substance, this will help 1n determining a linear model
helping to determine the presence of a substance 1n a solution
at a specific concentration.

The mass spectrum data files are processed 1n an embodi-
ment by programs operating on a computer (220). Still 1n an
embodiment, the ion identification method comprises an
identification process engine (240) which 1s applied 1n a two
stage process program (230). The 10on identification engine
applies 1n each stage different discrimination criteria. In the
first stage the 10n 1dentification engine applies a mass-inten-
sity based proximity criterion as described later on 1n the
document in relation with the description of FIG. 4. The first
stage takes as mput mass spectra files (210) produced by the
spectrometer and produces 1on tables (11), one row repre-
senting peaks 1n different spectrum corresponding to one ion.
The mass spectra processed 1n stage 1 are those correspond-
ing to a set of measurement samples done on a solution
containing a certain concentration of a chemical substance,
the output applied to one sample set being one 1on table (T1).
The operation 1s repeated for N sets of mass spectra corre-
sponding to N different concentrations of the chemical sub-
stance. The output of stage 1 results 1n N 10n tables (T1 250),
one per set of samples, each one corresponding to a concen-
tration of the solution.

In the second stage the 1on 1dentification engine 1s executed
once. For peak identification 1t applies a discrimination cri-
terion which 1s a combined mass-proximity and concentra-
tion-intensity correlation criterion as described later on 1n the
document 1n relation with the description of FIG. 4 The sec-
ond stage uses as mput the 10n tables created during stage 1
which are converted into ‘virtual mass spectra’ and gives as
output one 1dentified 1on table (12 260). The output 10n table,
12, provides for each 10n identified 1n the solutions, 1n each
row, a reference to a series of peaks coordinates for each
concentration.

In an embodiment, the invention 1s implemented as a com-
puter program product accessible from a computer-usable or
computer-readable medium providing program code for use
by or 1n connection with a computer or any 1nstruction execu-
tion system. It 1s noted that the invention can take the form of
an entirely hardware embodiment, an enftirely software
embodiment or an embodiment containing both hardware and
soltware elements. In an embodiment, the invention 1s imple-
mented 1n software, which includes but 1s not limited to
firmware, resident software, microcode, etc.

FIG. 3 1s the flowchart of the 1on 1dentification method
which can be used with different identification critena
according to an embodiment. The flowchart describes the 10n
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identification method allowing to 1dentily peaks correspond-
ing to the same 1on type as they occur in different spectra
obtained from solutions in which one substance 1s present 1n
different concentrations.

To 1llustrate the 1on 1dentification method we use mass
spectra as inputs. This simplifies the comprehension of the
steps of the method even 11, as stated in description of FIG. 2,
in stage 2 the mputs are not directly mass spectra but the 10on
identification tables T1 which are converted into ‘virtual mass
spectra’. As a matter of fact, the output T1 tables refer 1n each
row to peaks corresponding to a same 1on 1n the different mass
spectra which have been used as mput: an average of peak
coordinates are computed for each row of each T1 table to
obtain the ‘virtual mass spectra’.

In a first step (300) the mass spectra are all accessed. As
already said the mass spectra provides peaks with their X
coordinate being the mass-to-charge ratio (called mass 1n the
rest of the document) and Y coordinate being the intensity of
the signal (called intensity 1n the rest of the document). All the
mass spectra correspond to measurement samples of a same
solution having a certain concentration of a chemical sub-
stance soluble in a solution, this substance needed to be
analyzed. The M spectra are numbered from 1 to M.

The mass spectra access means that the mass spectrum data
files containing coordinates of peaks are read by the computer
and pretferably stored 1n memory as a data structure. One
example of such data structure used by the 10n 1dentification
engine 1s described later on the document 1n relation with
description of FIG. 5. One table 1s built per mass spectrum.
Each table row may store the coordinates of a peak of the mass
spectrum.

In step 305 one peak i1s read on one of the M spectra. The
one spectrum 1n which one peak 1s read contains N1 peaks
indexed from 1 to N1 and an 1teration over all those peaks 1s
initialized (see test 360 later on in the flowchart). The read
peak 1s taken as the basis for the successive 1dentification of
corresponding peaks from the remaining spectra. According
to the following process the peak representing a potential 10n
in this first spectrum 1s analyzed. The inner iteration over the
remaining spectra 1s 1mtialized (see test 330 later on 1n the
flowchart).

An appropriate “distance” function between two peaks 1s
used to find a certain number of peaks 1n the current spectrum
which are the closest to the one currently selected 1n step 305.
At least one peak and a limited number of peaks are selected
by limiting the distance to a pre-defined distance max d,(320).
It 1s possible, 1f limiting the search within the pre-defined
distance that no peaks are found. It 1s noted that the choice of
the ‘distance’ function 1s based on criterion a mass-intensity
based proximity 1n stage 1 and a mass-proximity criterion in
stage 2. The distance functions are more detailed later on 1n
the document in relation with the description of FIG. 4.

By reading all the spectra (executing the loop on answer no
to test 330) all possible candidate sequences of M selected
peaks are created using the current peak from the first spec-
trum and candidate peaks found 1n the spectra from 2 to M.
The total number of such sequences 1s equal to the product
n,xn;X . .. xn,, where n, 1s the number of candidate peaks
found on the spectrum with index “1”” and M 1s the number of
peaks 1n each sequence. In step 335 an appropriate scoring
function 1s applied to each sequence to compute a scoring
value. The function must be chosen so that high scoring
values should only be obtained for sequences where the peaks
are all expression of the same type of 1on. The choice of the
scoring function depends on 10n 1dentification criteria cho-
sen; the scoring function will be more detailed later on 1n the
document 1n relation with the description of FIG. 4.
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In the next step (340) the sequences created 1n the preced-
ing steps are sorted by the corresponding score values com-
puted 1n step 335, the highest score corresponding to the first
position in the sorted list of sequences.

In the next step (345) a “Rat10” variable 1s computed as the
ratio between the first score and the second score 1n each
sequence. The scoring function used 1n step 333 produces a
value of the Ratio vaniable significantly above unity to indi-
cate that a single sequence winner has emerged from the
contest. The computed value of Ratio 1s compared in step 350
against a pre-defined threshold (limit-Ratio). A value below
the threshold indicates no clear sequence winner meaning,
that no i1dentification 1s possible for the current 1on. The
sequence with the highest score value and for which the Ratio
variable equals or exceeds the limit-Ratio 1s kept for this peak
read 1n step 305.

A trace 1s kept (357) of the (X mass,Y intensity) values of
cach sequence member of the valid winner sequence (11 there
1s any ), each member of the sequence being one peak 1n each
spectrum, all peaks corresponding to the same 10on. This infor-
mation may be kept 1n an 10on 1dentification table (T1, T2) as
described 1n relation with the description of FIG. 5 or 6 later
on 1n the document.

The following step (360) 1s performed also if there 1s no
valid winner sequence for a peak read and 10n 1dentification
candidate (answer no to test 350). It all peaks are not read 1n
the one spectrum (answer No to test 360) the same loop from
step 315 to 360 1s executed to identity the highest scored
sequence 1dentifying an ion in each spectrum.

When all peaks have been read for the one spectrum used
for this algorithm (answer Yes to test 360) all peaks 1n the one
spectrum for which a winner sequence has been produced can
be tentatively considered to have been generated from the
same physical 1on. A global consistency check (365) 1s per-
formed by examiming the resulting sequences of peaks. A
resulting sequence of peaks in each sequence 1s the expres-
s1on of a specific 10n type only 11 each peak appears once 1n
cach sequence. Sequences that have one or more peaks 1n
common are thus discarded. The remaining sequences can be
used with a higher level of confidence with respect to the
original data. In fact, each sequence characterizes the
response of the mstrument to the presence of a specific (al-
though unknown) 1on type. At the end of the execution of the
flowchart, the final 10n 1dentification table contains only the
references to the sequences of peaks confirmed by the global
consistency check. However the global consistency step 1s
optional because all the sequences selected by the preceding
steps may lead to a correct result.

FI1G. 4 1s the general tlowchart of the method to identity the
same 1on 1n mass spectra corresponding to different known
concentrations of a substance applying the method of FIG. 3
according to an embodiment. In this flowchart two comple-
mentary implementations of the 10n 1dentification process of
FIG. 3 are connected 1n a two-stage pipeline. The first stage of
the pipeline uses as mput series sets of spectra produced by
the spectrometer measuring solutions with different concen-
trations. The second stage of the pipeline takes in mnput the
data output by the first stage and produces the final output
which 1s for each 10n a reference to peak coordinates for each
concentration.

In stage 1 (400) the 10n 1dentification process 1s applied to
multiple spectra obtained from solutions which contain the
same substance at (N) different levels of the concentration.
Multiple (M) spectra are obtained by the instrument for each
level of the concentration, either by repeating the measure M
times on the same sample or by taking the measure from M
equivalent samples. This means that the method as described
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with the tlowchart of FIG. 3 1s processed (405) on each set of
samples mass spectra measured for one solution concentra-
tion. A mass-intensity based proximity criterion 1s used for
identifving 1ons across spectra of solutions with the same
(known or unknown) concentration of one or more sub-
stances. With this method, M peaks from corresponding spec-
tra are said to be “generated by the same 10on” 1f they are “the
closest to each other” based on a proper distance function
which depends on the X and Y coordinates of two peaks and
on the different sizes of the relative error affecting the mea-
surements of mass (the x’s) and, respectively, of the 1ons
concentration (the y’s). The output from stage 1 includes a
sequence of M peaks for each identified 10n and for each level
of the concentration. T1 Ion 1dentification tables being one
example of way to keep the information resulting of the 1on
identification method of FIG. 3 are described later on 1n the
document 1n relation with the description of FIG. §.

The distance function and the scoring function used
respectively 1n step 315 and step 335 of the identification
process performed 1n stage 1 are chosen according to a mass-
intensity based proximity criterion. Any “distance” function
d(p,, p,) between two “points” (peaks) must be such that d(p,,
p,) vanishes tor 1= while 1t is always positive otherwise.
Associated with each peak are two coordinates (x and y)
representing the 1on mass (x) and the signal intensity (y) thus
it 1s possible 1n principle to take for a distance function the
standard Euclidean distance in two-dimensional space based
on the X and y coordinates of two peaks. This however 1s not
suitable without corrections as 1t does not account for the
different scales and precision associated to the x and y coor-
dinates of a point (peak). The examination of mass spectra
from an ordinary 1nstrument shows that the mass (x coordi-
nate) value 1s determined with a relative error of about 0.1%
while the intensity (v coordinate) 1s determined with arelative
error ol about 10% hence two orders of magnitude higher.
Defining R as the ratio between the relative errors associated
to the y coordinate and to the x coordinate, the proposed
distance function 1s the following, x1, y1 being the coordi-
nates of peak pl and x2, y2 being the coordinates of peak p2:

d(p pﬁ’z):v (% ‘x2)2+0’1_}”2 )2/ R°

The calculation of a scoring value 1n step 3335 of the 1on
identification process 1s performed on each “candidate
sequence” of peaks. The scoring function is thus a function of
the set of peaks 1n the candidate sequence. In stage 1 this
function 1s stmply the reciprocal of the distance function (the
one employed i block 315) for the two peaks 1n the sequence
that are farthest apart from each other. The scoring function is:
1/max d(p1, p2) where pl and p2 are any two peaks 1n the
sequence.

Therefore, the “closest to each other” are peaks 1n a
sequence, the higher 1s the scoring value assigned to the
sequence. The combination of the above distance function
and scoring function are found adequate for the 10n 1dentifi-
cation process performed 1n stage 1 where all spectra are
taken from samples with the same concentration of a given
substance.

The process of the flowchart of FIG. 4 continues with stage
2 (410) for which the inputs are the 10on 1dentification tables
(such as T1) created 1n stage 1.

The data contained in the 1on identification tables are
equivalent to mass spectra data as already mentioned. Each
sequence of peaks corresponding to an 10n “identified” 1n
stage 1 1s eflectively replaced with a “virtual” peak whose
mass and intensity are obtained by averaging over the

sequence. In stage 2 the process of the ion identification
method as described with the illustrative flowchart of FIG. 3
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1s applied (415) to these virtual peaks. The objective 1s to
“1dentily” virtual peaks generated by the same 1on across
spectra measured from samples with a different level of the
substance concentration. A combined mass-proximity and
concentration-intensity correlation criterion 1s used for iden- 5
tifying 1ons across spectra of solutions at L different known
concentrations of one given substance. With this method, a
sequence of L peaks 1s said to “belong to the same 1on™ 11 1t
maximizes an “optimality measure” which weights the prod-
uct of “closeness” with respect to the mass and the “strength 10
of linear correlation™ between the values of concentration C
and of mtensity Y across the peaks. The distance and scoring
functions are defined taking into account the 1on 1dentifica-
tion criterion for stage 2. The use of these distance and scoring,
functions 1s to filter out sequences of peaks which do not show 15
a strong linear correlation between the substance concentra-
tion and the intensity values. The output from stage 2 provides

a sequence of “virtual peaks™ for the same 10n, each “virtual
peak” corresponding to a different level of concentration. In
this form, the information derived from the spectrometer can 20
be exploited by applications—mnot part of the present mnven-
tion—aimed at building a model of the mass spectrum where
the intensity observed on a number of selected peaks (chan-
nels) 1s a linear function of the concentration of one or more
substances. The T2 Ionidentification table being one example 25
of way to keep the imnformation resulting of the 1on 1dentifi-
cation method of FIG. 3 1s described later on 1n the document

in relation with the description of FIG. 6.

The distance function and the scoring function used
respectively 1n step 315 and step 335 of the identification 30
process performed 1n stage 2 are chosen according to the
combined mass-proximity and concentration-intensity corre-
lation criterion. In stage 2 one cannot expect peaks generated
by the same 10n to exhibit similar values for the intensity
across spectra, because the latter are taken at different con- 35
centrations of the substance. For this reason, the distance
function used 1n stage 2 depends only on the x coordinate (10n
mass) of a peak:

d(py,po)=abs(x,—x5),

where abs( ) 1s the absolute value function.

The calculation of a scoring value 1n block 333 of the 10n
identification process 1s performed on each “candidate
sequence’” of peaks. The scoring function 1s thus a function of
the set of peaks 1n the candidate sequence. In stage 2 it 15 45
possible i principle to take for a distance function the statis-
tical correlation coetfficient. The 1dea 1s that a high correlation
coellicient (close to unity) would only result from peaks
which correspond to the same physical ion (and exhibiting a
response which 1s linear with the substance concentration). s
However, experiments conducted with real data showed that
in this case the ratio between the scoring values (equal to
correlation coelficient) on the highest scoring sequences
would often be very close to unity, making 1t impossible to
decide on a clear “winner”. A more appropriate scoring func- ss
tion should also take into account the proximity of mass
values for all peaks in a sequence. Therefore, the proposed
scoring function 1s taken as the product of two terms. One
term 1s the correlation coefficient calculated over peaks of a
sequence, where substance concentration 1s the independent
variable and peak intensity 1s the dependent variable. The
second term 1s the reciprocal of the distance function (the one
employed 1n block 315) for the two peaks 1n a sequence that
are farthest apart from each other.

The scoring function 1s: 65

40

correlation_coeflicient(cl,vl,c2,v2, ... cN,yN)/maxd
(p1,p2)
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where pl, p2 are any two peaks 1n a sequence and d (p1, p2)
1s the distance between them.

The combination of the above distance function and scor-
ing function are found adequate for the 1on identification
process performed 1n stage 2 where spectra are taken from
samples with different concentrations of a given substance.

FIG. 5 shows the data structure of inputs to stage 1 of the
general flowchart of FIG. 3 and the data structure of stage 1
output according to an embodiment. Particularly the output
table as the one described 1n FIG. 3 1s one way to represent the
result of stage 1 applying the 10on identification method using
a distance and scoring function according to a mass-intensity
based proximity criterion.

The input (500) comes from—{for a given concentration of
a substance 1n the solution sample—M spectra, obtained by
repeating the measurement M times or by applying the mea-
surement to M 1dentical samples. Fach spectrum data read
from data files by the computer can be stored 1n memory as a
table with two columns (X and Y') where—on each row—the
ion mass measure by in the X column and the corresponding
measured intensity i the Y column.

The output (600) may be represented by a table (T1) of M
columns—one for each measured spectrum—and as many
rows as there were 1dentified 10ns at the end of stage 1. Each
row contains pointers (515) to the peaks which are assumed to
have been generated by the same physical 10on 1n each one of
the M 1put spectra. Each row contains pointers correspond-
ing to a same winner and valid sequence which obtained the
highest score with an acceptable scoring ratio.

For example the row number 27 (27 1s one row 1ndex value
in the table) marked with a gray background in the output
table contains the numbers 503, 506, 502, 504, 504, which
give the positions 1n the input spectra of the identified 10n.
This means that

the peak at row 503 of the first input spectrum,

the peak at row 506 of the second mput spectrum,

etc.
have been “1dentified” by the stage 1 process, thus it can be
sately assumed that those peaks have been generated by the
same physical 1o0n.

By taking the average and spread of the M values of mass
(X) and intensity (Y) corresponding to a given row of the
output table, one estimates the size of the errors affecting the
measurement of those quantities.

The information associated to a given row 1n the above
output table can be reduced by defining a “virtual peak™ of
which mass and intensity values are averages of the corre-
sponding values over the M “identified” peaks. Alternatively,
one can consider the minimum and maximum values of the
mass and intensity for each row, thus defining a “virtual peak™
by an imterval [x, . . x__ | for the mass and by an interval
v, ..y, | 1or the intensity.

A specific use of the 1on 1dentification method applied as
described 1n FIG. 4 allows using the results to build a linear
model relating the composition of a given solution to a mea-
sured spectrum. In this case, the stage 1 inputs are mass
spectra measured for one solution imncluding only one single
substance at different known concentrations. In this way, the
ion 1dentification table (T1 510) contains the ions 1dentified
with their reference X,Y peak values in each mass spectrum
for a given concentration.

Such an 1on identification table (T1, 500) 1s built for each
solution concentration for which a set of mass spectra has
been obtained.

FIG. 6 shows the data structure of inputs to stage 2 of the
general flowchart of FIG. 4 and the data structure of stage 2
output according to an embodiment. As said before, 1n the
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method described with the flowchart of FIG. 4, the stage 2
inputs used are not mass spectra but are mass spectra equiva-
lent data dertved from the output T1 10n 1dentification tables
obtained as output of stage 1. The inputs of stage 2 consist of
N tables (600), each one the output of the stage 1 process
applied to a different (known) concentration of the same
substance. Each row in the mput tables can be associated to a
“virtual” peak with an estimated mass, intensity and errors.
These inputs can be processed in stage 2 by the 10n 1dentifi-
cation method as the equivalent mputs data (500) which are
the input mass spectra of FIG. 1. tables.

The output may consist of a table (610) with N columns—
one for each concentration of the substance—and as many
rows as there were 1dentified 10ns at the end of stage 2. Each
row contains pointers: the pointer (615) found 1n the column
associated to a given concentration refers to a row in the input
table for that concentration. Theretfore, the output table pro-
duced at the end of stage 2 allows one to say that those
“virtual” peaks are all associated to the same physical 10n.

The mvention claimed 1s:

1. A method performed on a computer system 1ncluding a
mass spectrometer and an 1on identification engine to identify
peaks generated by different physical ions in a solution
including a certain concentration of at least one substance, the
method comprising:

analyzing a solution including a concentration of a given

chemical substance using the mass spectrometer to pro-

vide a plurality of mass spectrum data files; and

employing the 1on identification engine for:

reading coordinates of a peak from a first mass spectrum
data file in the plurality of mass spectra data files;

selecting from each mass spectrum data file other than
the first mass spectrum data file, peak coordinates
which are close to the read peak coordinates from the
first mass spectrum, by computing a distance function
qualifying a proximity between two peaks;

determining a highest scored sequence of peaks com-
prising the read peak from the first mass spectrum and
one selected peak from each other mass spectrum by
computing a scoring function qualifying a likelihood
that all peaks 1n the sequence have been generated by
a same type of physical 1on;

storing the highest scored sequence only 11 a ratio of the
highest scored sequence to a second highest scored
sequence 1s above a limit ratio;

reading coordinates of one other peak from the first mass
spectrum data file and executing the preceding select-
ing, determiming and storing steps until all the peaks
from the mass spectrum are read, each of the resulting
stored sequences containing peaks, one for each mass
spectrum; and

identifying different physical ions 1n the solution based
on the stored sequences, each of the scored sequences
containing peaks generated by the same physical 10n.

2. The method of claim 1 further comprising;:

suppressing among the stored sequences any subset of

sequences which are found to include a same peak of a
same mass spectrum.

3. The method of claim 1 wherein the distance function
between two peaks and the scoring function depend on amass
and intensity of the two peaks.

4. The method of claim 1 wherein the distance function
between two peaks depends on the mass of the peaks and the
scoring function depends on a combination of the mass of the
peaks and a peak concentration-intensity correlation.

5. The method of claim 1 wherein, the steps of the method
of claim 1 for identitying the resulting peak sequences cor-
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responding to 10ns are executed on a first set of mass spectra
for a given concentration ¢ using a first distance and a first
scoring function which both depend on the mass and intensity
ol the peaks;
the method further comprising:
repeating the preceding steps on further sets of mass
spectra, the first and further sets of mass spectra cor-
responding to different concentrations;
computing average mass-intensity peak coordinates for
each sequence resulting from execution of the preced-
ing steps for each solution concentration and obtain-
ing a series of virtual peaks per each concentration;
and
applying the steps of the method of claim 1 to the set of
virtual mass spectra, each virtual mass spectrum cor-
responding to one concentration, each virtual mass
spectrum comprising the computed series of virtual
peaks, using a second distance function between two
peaks which depends on the mass of the peaks and a
second scoring function which depends on a combi-
nation of the mass of the peaks and a peak concentra-
tion-intensity correlation, the resulting sequences
being the peaks corresponding to an 10n 1n the differ-
ent virtual mass spectra, each virtual mass spectrum
corresponding to one solution concentration.
6. The method of claim 5 wherein the first distance d
function between two mass spectra peaks p, with coordinates
X, and y, and p, with coordinates x, and y, 1s:

d(p 10>V (x1=%5) "+ (1 1-3> ) /R

R being a ratio between relative errors associated with the
y coordinate and x coordinate.
7. The method of claim 5 wherein the first scoring of a
sequence 1s:

l/maxd(pl,p2)

where pl, p2 are any two peaks 1n the sequence and d (pl,
p2) 1s the distance between them.
8. The method of claim 5 wherein the second distance d
function between two mass spectra peaks p, and p, with
coordinates x, and y, and p, with coordinates x, and y, 1s:

d(p,,p->)=absolute value(x,—x-).

9. The method of claim 5 wherein the second scoring of a
sequence 1s:

correlation_coetlicient(cl.,yl.,c2,v2, ... cN,yN)/maxd
(p1.p2)

where pl, p2 are any two peaks 1n the sequence and d (pl.,

p2) 1s the distance between them.

10. The method according to claim 1, further comprising a
computer program stored 1n a non-transitory computer read-
able medium.

11. A method performed on a computer system including a
mass spectrometer and an 10on identification engine for 1den-
tifying peaks generated by different physical 1ons 1n a solu-
tion including a certain concentration of at least one sub-
stance, the method comprising;

a first process including:

analyzing a solution including a concentration of a given
chemical substance using the mass spectrometer to
provide a plurality of mass spectrum data files; and
employing the 10n 1dentification engine for:
reading coordinates of a peak from a first mass spec-

trum data file 1n the plurality of mass spectra data
files:
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selecting from each mass spectrum data file other than
the first mass spectrum data file, peak coordinates
which are close to the read peak coordinates from
the first mass spectrum, by computing a distance
function qualifying a proximity between two
peaks;

determining a highest scored sequence of peaks com-
prising the read peak from the first mass spectrum
and one selected peak from each other mass spec-
trum by computing a scoring function qualifying a
likelihood that all peaks in the sequence have been
generated by a same type of physical 1on;

storing the highest scored sequence only 11 a ratio of
the highest scored sequence to a second highest
scored sequence 1s above a limait ratio;

reading coordinates of one other peak from the first
mass spectrum data file and executing the preced-
ing selecting, determining and storing steps until
all the peaks from the mass spectrum are read, each
of the resulting sequences containing peaks, one
for each mass spectrum; and

identitying different physical 1ons i the solution
based on the stored sequences, each of the scored
sequences containing peaks generated by the same
physical 1on

wherein the first process 1s executed on a first set of
mass spectra for a given concentration ¢ using a
first distance and a first scoring function which both
depend on the mass and intensity of the peaks, and
wherein the method further comprises:

repeating the first process on further sets of mass
spectra, the first and further sets of mass spectra
corresponding to different concentrations;

computing average mass-intensity peak coordinates
for each sequence resulting from execution of the
first process for each solution concentration and
obtaining a series of virtual peaks per each concen-
tration; and
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applying the steps of the of the first process to the set
of virtual mass spectra, each virtual mass spectrum
corresponding to one concentration, each virtual
mass spectrum comprising the computed series of
virtual peaks, using a second distance function
between two peaks which depends on the mass of
the peaks and a second scoring function which
depends on a combination of the mass of the peaks
and a peak concentration-intensity correlation, the
resulting sequences being the peaks corresponding
to an 10n 1n the different virtual mass spectra, each
virtual mass spectrum corresponding to one solu-
tion concentration.

12. The method of claim 11 wherein the first distance d
function between two mass spectra peaks p, with coordinates
x, and y, and p, with coordinates x, and vy, 1s:

d(p 10>V (81=%) "+ (0 1-3>) /R

R being a ratio between relative errors associated with the
y coordinate and x coordinate.

13. The method of claim 11 wherein the first scoring of a
sequence 1s: 1/max d(p1, p2) where pl, p2 are any two peaks
in the sequence and d (pl, p2) 1s the distance between them.

14. The method of claim 11 wherein the second distance d
function between two mass spectra peaks p, and p, with
coordinates X, and y, and p, with coordinates x, and vy, 1s:
d(p,,p,)=absolute value(x,-x.,).

15. The method of claim 11 wherein the second scoring of
a sequence 1s:

correlation_coetflicient(cl,yl.,c2,v2, ... cN,yN)/maxd

(p1,p2)

where pl, p2 are any two peaks 1n the sequence and d (pl,
p2) 1s the distance between them.

% o *H % x



	Front Page
	Drawings
	Specification
	Claims

